We present an integrated platform comprised of a biomimetic substrate and physiologically aligned human pluripotent stem cell-derived cardiomyocytes (CMs) with optical detection and algorithms to monitor subtle changes in cardiac properties under various conditions. In the native heart, anisotropic tissue structures facilitate important concerted mechanical contraction and electrical propagation. To recapitulate the architecture necessary for a physiologically accurate heart response, we have developed a simple way to create large areas of aligned CMs with improved functional properties using shrink-wrap film. Combined with simple bright field imaging, obviating the need for fluorescent labels or beads, we quantify and analyze key cardiac contractile parameters. To evaluate the performance capabilities of this platform, the effects of two drugs, E-4031 and isoprenaline, were examined. Cardiac cells supplemented with E-4031 exhibited an increase in contractile duration exclusively due to prolonged relaxation peak. Notably, cells aligned on the biomimetic platform responded detectably down to a dosage of 3 nM E-4031, which is lower than the IC 50 in the hERG channel assay. Cells supplemented with isoprenaline exhibited increased contractile frequency and acceleration. Interestingly, cells grown on the biomimetic substrate were more responsive to isoprenaline than those grown on the two control surfaces, suggesting topography may help induce more mature ion channel development. This simple and low-cost platform could thus be a powerful tool for longitudinal assays as well as an effective tool for drug screening and basic cardiac research.
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Introduction
Drug attrition is one of the major contributing factors to the high development costs for drugs, especially at later phases of clinical trials. Drug safety, toxicity, and efficacy contributed to 60% of drug attrition in 2000 [1] . Among drug safety issues, drug-induced cardiotoxicity accounted for more than 30% of withdrawals [2] . Numerous Food and Drug Administration (FDA) approved drugs, such as tegaserod and sibutramine, have been withdrawn in the years following their initial approval due to cardiotoxicity concerns. The ineffectiveness of current drug screening methods in the preclinical and clinical phases to detect cardiotoxicity puts patients' health in unnecessary risk. Although animal studies are performed in preclinical trials to screen for cardiotoxicity, the electrophysiological and mechanical properties of human cardiomyocytes are significantly different from those of animals. Therefore, results from these animal studies are notoriously unpredictive with regards to both toxicity and efficacy of drugs [3] . In order to reduce late stage drug attrition associated with cardiotoxicity, decrease drug development costs and ensure patient safety, the development of a biomimetic drug screening platform for the early detection of cardiotoxicity is essential.
With advancements in human pluripotent stem cell (hPSC) research, the ability to yield cardiomyocytes (CMs) [4e6] for in vitro models for drug discovery and toxicity screens as well as injury repair have been demonstrated [7e10] . However, properties of hPSC-CMs from current differentiation and culture methods are still significantly different than those of adult CMs. Unlike adult CMs, hPSC-CMs typically exhibit embryonic-like phenotypes and physiology such as immature structural developments [11] , electrophysiological functions [12] , and weak contractile forces compared to their adult counterparts. Such differences can cause dissimilar cellular responses to drug compounds when compared to those of the native myocardium. Furthermore, currently available cell-based drug and toxicity screens typically work with arrayed single cells or randomized 2-D planar cultures, neither of which recapitulates the physiological constraints and boundary conditions necessary for a physiologically accurate heart response [13, 14] . This lack of proper mechanical structure prevents the cells from physiologically relevant responses. To improve current platforms' efficacy as a myocardial model for drug screening, the hPSCCMs need to be cultured where the cells have physical and electrophysiological attributes akin to those of native heart tissue.
Conventional hPSC-CM culture and tissue engineering methods do not provide the native micro-environmental factors and cues that induce proper maturation, development, and tissue-level behavior [13] . In the native myocardium environment, CMs are naturally aligned. This organization facilitates important mechanical contraction and electrical propagation. It has been shown that the alignment of CMs induce the alignment of sarcomere structures, anisotropic action potential propagations, and higher contractile forces [15] . Previous studies on the effects of structural organization on myocardium have utilized traditional microfabrication techniques such as photolithography [14, 16] . These techniques produce homogenous and repetitive patterns not representative of in vivo structuring. Furthermore, these techniques are not compatible with scalable large area manufacturing. While the surface abrasion technique is fast and cheap, it cannot produce the multi-scaled, self-similar bundle-like surface topographies and lacks controllability and tunability [17, 18] . The surfaces created by these conventional fabrication processes are not representative of the underlying extra cellular matrix (ECM) fibrils in the native heart. We have previously demonstrated that a wrinkled substrate derived from plasma treated pre-stressed thermoplastic shrink film can potentially serve as an efficacious biomimetic surface to functionally align hPSC-CMs and prevent re-entry of ventricular arrhythmia [19, 20] .
Several methods have been established for characterizing CMs. Electrophysiological properties are often measured through the use of patch clamps [21] or fluorescent voltage sensitive dyes [19, 20] which typically serve as end-point assays. With the prohibitive Fig. 2 . Post optical flow contraction analysis. A) Gridded (yellow boxes) image with motion vectors generated from the OF code (blue lines), and averaged motion vector for each grid (red arrows). B) Contraction analysis plot. Green line is the displacement; red line is the direction of motion vector in radians; blue line is the categorical plot. For the trace of categorical plot, a value of 1 indicates contraction, and a value of À1 indicates relaxation. X-axis is the frame number, and y-axis represents arbitrary unit, radian, and dimensionless for green, red, and blue lines, respectively. C) Sample results generated by the pOFC code including histograms of contractile duration, frequency, and synchronicity (labeled as phase shift). Contractile orientation is represented in two graphs: x-and y-motion vector traces (bottom left, blue is y, and red is x), and a compass plot (bottom right). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) cost and limited supply of hPSC-CMs, invasive characterization assays are undesirable. While there are setups for high-throughput measurements [22] , these methods typically provide less content. Several non-invasive, bright field based, characterization techniques have recently been proposed. Many of these techniques utilize optical microscopy combined with image analysis. These image analysis techniques incorporate various algorithms based on fast Fourier transform [23] , light intensity changes [24] , or motion vectors [25] . The cellular resolution ranges from single cell to confluent cardiac monolayer. However, there appears to be limitations on the CM characterization variables that can be extracted from the frequency and intensity based algorithms. It has been shown that motion vector analysis can be used to track simple contractile occurrences in neonatal rat CMs. However, such current motion vector analysis primarily incorporates average motion vector distances (amplitudes) without regard to the directionality of the vectors; importantly, this results in loss of temporal and spatial information. In more complex and irregular contractile patterns, such as tachycardia, analyses relying solely on average motion vector distances are ineffective as the amplitudes representing cells contracting and relaxing overlap. In fact, we demonstrate that under certain conditions, multiple peaks can be embedded within a single peak in an average motion vector displacement trace (Fig. 3A) . To resolve the overlapped peaks, expensive high-speed cameras are often required [25] . However, a CM contractile analysis that utilizes motion vectors should incorporate both the direction and magnitude of the vectors to achieve higher accuracy and more detailed information without the need for a high-speed camera setup.
Leveraging our biomimetic wrinkled substrate [19] , we have developed a non-invasive configurable cardiac characterization and drug screen platform based on image correlation analysis [26, 27] . Using custom in-house software, this non-invasive platform does not require expensive equipment such as a high-speed camera or fluorescent microscope, and can determine important cardiac contractile properties. We hypothesize that the hPSC-CMs aligned on the biomimetic wrinkles will behave physiologically more similar to functional CMs, when compared to those of randomly organized cells or those aligned by homogenous lines. Furthermore, the effects of two drug compounds on the functional parameters of the CMs are tested to determine the efficacy of this platform.
Materials and methods

Cell culture substrate fabrications
To create stamp molds, polydimethylsiloxane (PDMS) (Sylgard 184; Dow Corning Corporation, Midland, MI) monomer and curing agent are initially mixed at a 1:10 ratio. The mixture is then degassed by centrifuging at 3000 rpm for 5 min. Hot embossed substrates involve the fabrication of the desired pattern and pouring PDMS over the given pattern in a 60 mm dish. The dish is vacuumed overnight and cured in an oven at 72 C for a minimum of 5 h. With the PDMS stamp being cut out, polystyrene (PS) (Grafix Clear Shrink Film, Grafix, Maple Heights, OH) sheets are placed atop the featured side, and together as a whole are sandwiched by glass slides. The set up is heated at 150 C for 30 min. Features on the PDMS stamp will be hot embossed and transferred onto the PS sheet.
To fabricate the flat substrate, a piece of PS sheet is trimmed and mounted onto a 15 mm circular glass coverslip. For wrinkled substrates, wrinkled PDMS stamps are fabricated and hot embossed into PS sheets before mounting to the glass coverslip. To create this PDMS stamp, pre-stressed polyethylene (PE) shrink-film (Cryovac Ò Dfilm, LD935, Sealed Air Corporation) is treated with oxygen plasma (Plasma Prep II, SPI Supplies) for 15 min. The film is shrunk uniaxially in an oven at 150 C for 3 min. The resulting wrinkled PE is then used as a master mold for creating the negative wrinkled PDMS stamp used for hot embossing PS.
Similar to the wrinkled substrates, the line substrates, with 8 mm width, are produced by hot embossing the lined features into a PS sheet mounted onto circular glass coverslips. However, the fabrication of a 8-mm line stamp involves the use of photolithography. A silicon wafer (4 00 , Polishing Corp., Santa Clara, California, USA) is initially cleaned and dehydrated overnight on a hotplate. The SU-8 (MicroChem corp., Massachusetts, USA) is then spun onto the wafer for 5 s at 500 rpm and again for 30 s at 1000 rpm. The wafer is soft baked for 3 min at 65 C or 5 min at 95 C respectively. An 8-mm mask, produced by Fine Line Imaging (Fine Line Imaging, Colorado Springs, Colorado, USA), is fixed onto the wafer, sandwiched by glass and placed in the DUV flood hood for 15 s. The wafer is developed in a wash dish with SU-8 developer for 3 min, washed with IPA and dried with compressed air. The PDMS is then poured onto the wafer to create the negative 8-mm stamp.
The cell culture substrates are finally sterilized by submerging them in 95% ethanol and then treating them with UV light for at least 30 min. . Cells are passaged when they reach 80e90% confluence. To induce cardiac differentiation, the medium is changed to RPMI-B27 (without insulin) (Life Technologies, Grand Island, New York, USA) with a supplement of 100 ng/ml activin A (R&D Systems, Minneapolis, Minnesota, USA) for the first 24 h. Afterwards, the medium is exchanged and incubated with fresh RPMI-B27 (without insulin) supplemented with BMP4 (10 ng/ ml) for 4 additional days. On day 5, medium is replaced with the RPMI-B27 (with insulin) again, but without any supplementary cytokines. The medium is exchanged every 2e3 days hereafter [4] . Spontaneous contractions are typically observed on differentiation day 9. hESC-CMs are purified by adding 1.8 mg/mL of puromycin (Life Technologies, Grand Island, New York, USA) in the culture medium on day 20 for 2 days. Cells are rinsed with DPBS twice, and are allowed to recover from the selection process for at least 3 days prior to experiments.
Cell cultures and cardiac differentiation
Drug treatment
E-4031 and isoprenaline (SigmaAldrich, St Louis, Missouri, USA) are added to the culture at a cumulative concentration of 0, 1, 3, 10, and 30 nM, and 0, 0.1, 1, 10, and 100 nM, respectively. At each drug concentration, cells were allowed to incubate for 30 min before imaging. Live time-lapse imaging is described in the following section. After imaging, an additional amount of the drug is added such that the total concentration in the culture is equal to the next target concentration. At the end of experiment, cells are fixed and stained for alignment analysis (Supplementary Information).
Time-lapse imaging
Images of contracting cardiomyocytes were taken using a Nikon TE 300 (Nikon, New York, USA) inverted microscope equipped with fluorescent optics. Bright field and fluorescent images are taken with a QIClick CCD camera using Q Capture software (Q Imaging, Canada). For live cell imaging, temperature and pH were controlled by the bipolar temperature controller (model TC-202A) connected to an open perfusion microincubator (Harvard Apparatus, Massachusetts, United States). Images were taken at 7 fps for the isoprenaline experiments at a resolution of 1392 Â 1040, and were taken at 20 fps for the E-4031 experiments at a resolution of 696 Â 520.
Data processing and analysis for contraction properties
Once the optical flow (OF) analysis (Supplementary Information) is completed and a matrix containing the x-and y-directional vectors are generated, an in-house MATLAB script that calculates the duration, frequency, synchronicity, orientation, and acceleration of cell contractions is applied. To begin this post optical flow contraction (pOFC) analysis, the user will need to input a noise threshold, degree of error, time interval, and starting frame number into the guided user interface. The noise threshold refers to the cutoff value; if the maximum value in the grid of cells is below the cutoff, it is considered to be noise, and is assigned a value of zero. The degree of error represents the flexibility in determining the stage of a contraction (i.e. contraction vs. relaxation) (Supplementary Fig. 1A ). The time interval is the time between each consecutive frame. The starting frame number allows user to eliminate partial contractions.
After the inputs have been submitted, the software calculates the occurrences of contraction and relaxation in each individual grid for the entire movie duration. Instead of the magnitude values, categorical variables are used when determining the number of contraction and relaxation occurrences in each grid. The cells within the grids are either contracting (represented by a value of 1), relaxing (a value of À1), or at rest (a value of 0). To determine when cells are at rest, a resting threshold is calculated for each individual grid using the following equation: Resting Threshold ¼ Minimum Trough þ 0.25 Â (Maximum Peak À Minimum Trough). If the magnitude vector for a given time frame in a grid is below the resting threshold, then the cells within that grid for that specific time frame are deemed at rest. With the input of the starting frame number, the software searches for the first sign of a contraction and assigns the grid a value of 1 for that time frame. The vector direction of the same grid in subsequent time intervals is then compared to the previous time interval. If the direction of the vector is opposite of that in the previous frame and within the degree of error, and has a magnitude value above resting threshold, the cells in the grid are identified as in the relaxing stage, a value of À1.
A complete occurrence is defined as a contraction, relaxation and resting phase in sequence in a grid. If a grid does not have a complete occurrence throughout the time span, then the grid is deemed insignificant and not considered in any of the calculations. After the software converts all grids into categorical values and filters out insignificant grids, the average duration and average frequency of each grid is calculated. The frequency is defined as the number of complete occurrences per second ( Supplementary Fig. 1B) . The duration of a complete occurrence is defined as the time between the first time interval where contraction occurs and the last time interval that exhibits relaxation. The software measures synchronicity among the occurrences of grids with the phase difference analysis. This analysis is done by taking the most popular pattern of occurrences and calculating the difference between this pattern and all the other patterns. The orientation of the grids is measured by computing the ratio between the sum of magnitude of all y-directional vectors and the sum of magnitude of all x-directional vectors over all time frames. The software also determines the acceleration of each grid by calculating the change of displacement over the change of time.
Statistics
All contraction analyses are conducted in three independent experiments (n ¼ 3 for each type of substrate). Within each substrate at each time point, 5 fields of views are captured per experiment. All bar graphs are reported as MEAN AE S.D. Lilliefors' test for normality was performed to determine distribution of data. Two-tailed Student's t-test with unequal variance was used for calculating statistical significance between treatments (Microsoft Excel, Redmond, WA).
Results
Cell alignment on various topographies
Alignment efficiency was evaluated on flat, line, and wrinkled substrates using mouse embryonic fibroblasts (MEFs) and hESCCMs. Alignment was defined as the percent of f-actin aligned to within AE15 to the direction parallel to the line or wrinkled patterns. For MEFs, 19 AE 5, 41 AE 6, and 51 AE 4% of cells aligned on flat, line, and wrinkled substrates, respectively, after 24 h of the initial plating ( Supplementary Fig. 3 ). The alignment efficiency of MEFs grown on the wrinkles was about 23% higher than that of the line. For hESC-CMs, 20 AE 2, 35 AE 0.5, and 42 AE 1% of cells aligned on flat, line, and wrinkled substrates, respectively, after 24 h (Fig. 1) . The alignment efficiency of hESC-CMs grown on the wrinkles was about 20% higher than those grown on the line. In addition to f-actin, sarcomeres were also aligned to the direction of the line and wrinkles as demonstrated by the orientational order parameters (OOP) [15] . For OOP, a value of 0 represents a complete randomized organization, and a value of 1 represents a perfect organization of structures. For hESC-CMs, the OOPs were 0.06 AE 0.01, 0.17 AE 0.02, and 0.25 AE 0.02 for cells aligned on flat, line, and wrinkled substrates, respectively, after 24 h (Fig. 1) . The OOP of the hESC-CMs cultured on the wrinkled substrates is close to the OOP measured in primary cardiomyocytes (w0.35) cultured on anisotropic fibronectin patterns [29] .
Evaluation of post optical flow contraction analysis (pOFC)
After the motion vectors were created by the OF analysis, the pOFC analysis was applied to determine various cardiac contractile properties. A series of images was first divided into several grids, and the size of the grids was user defined (Fig. 2A) . The contractile properties could be analyzed individually for each grid, or, collectively as an entire image. Based on the displacements, or amplitudes, of the motion vectors, traces of contractions were generated (Fig. 2B, green trace) . A full contraction was defined as a sequence of contraction and relaxation of the cardiac cells. Therefore, each full contraction consists of two peaks. However, under arrhythmic conditions, multiple peaks could have been embedded under a single peak (Fig. 3A) . The embedded peaks were not resolvable by simply analyzing the contractile displacements, and if unaddressed, could negatively impact the analysis. To attend to this problem, the directions of the motion vectors were also considered for analyzing the contractile properties (Fig. 2B, red trace) . Since the directions of motion vectors are approximately opposite to each other during contraction and relaxation, the embedded peaks could be decoupled and displayed in a categorical plot. Based on the categorical plots of each grid, the average contractile duration, frequency, synchronicity, orientation, and acceleration were extracted (Fig. 2C) .
To evaluate the accuracy of pOFC analysis code, several slow contracting hESC-CM colonies were imaged at differentiation day 60, and analyzed by visual and automatic inspections. The average contractile duration was 1.16 AE 0.06 and 1.13 AE 0.03 s, and the frequency was 0.57 AE 0.02 and 0.59 AE 0.03 Hz (n ¼ 5) for manual and auto analysis, respectively (p w 0.45 for both cases). The contractile orientation was determined by breaking down the motion vectors into x and y components. In this study, all images of aligned cells were taken with the direction of alignment parallel to the yaxis. Therefore, aligned cells are expected to have larger displacements in the y-direction than those in the x-direction. As expected, the orientation value for cells grown on the flat, line, and wrinkled surfaces were 0.97 AE 0.06, 1.21 AE 0.23, and 1.73 AE 0.16, respectively (n ¼ 5).
To examine the code's capability of determining synchronicity as well as its effectiveness of the phase plot difference analysis, a stack of modified images with a predetermined difference in synchronicity was evaluated. To create this stack, the original image of hESC-CMs on a flat surface at 40Â magnification was cropped such that the left half of the image remained. The left half was then replicated, placed to right side of the cropped image, and merged. To create a predetermined difference in synchronicity, the right half of the merged image remained unchanged for 5 time frame intervals, while the left half progressed normally. The intention of this image modification was to identify whether or not the code could pick up the differences in synchronicity between two identical contracting CM colonies that are offset by 5 frame intervals. After the modified image stack was processed, it was shown that the two most common occurring bins were 0 and 5 time frames (423 and 385 occurrences respectively). This suggests that the code was able to detect the imposed 5 time frame interval delay on the right side of the image (Supplementary Fig. 6 ).
Effect of drugs on cardiac contractions
To evaluate the effectiveness of this integrated functional monitoring platform of biomimetic cardiac sheet for drug screening, the effects of known and well-established proarrhythmic compounds, E-4031 and isoprenaline, were examined. Cardiac cells grown on all three surfaces (flat, lines, and wrinkles) were subjected to these drugs at various concentrations, and different contractile parameters were evaluated. The experiments were done in three replicates for each condition.
E-4031, a specific inhibitor of I Kr , was introduced to the cardiac cultures at increasing concentrations of 0, 1, 3, 10, and 30 nM. The experiments were conducted using cells around differentiation day 40. The cardiac cells did not respond to 1 nM of E-4031 regardless of the type of the culture substrates used. However, the contractile duration significantly increased by 55% at both 10 and 30 nM, and the orientation decreased by 45% at 3 nM and further dropped to about 50% at both 10 and 30 nM for cells grown on the wrinkles (Fig. 3B, bar graph) . The increase in contractile duration was exclusively due to the broadened relaxation peak and prolonged relaxation process (Fig. 3B, line graph) . The amplitude of the broadened relaxation peak was about 50% compared to that of the control (0 nM). Additionally, the shape of the contraction peaks were almost unaffected by the drug between the control and 30 nM condition. The contractile synchronicity was unchanged in all cases (data not shown).
Isoprenaline, a b-adrenergic agonist, was introduced to the cardiac cultures at increasing concentrations of 0, 0.1, 1, 10, and 100 nM. Three cardiac cell ages were evaluated around differentiation days 20, 40, and 60 for trials 1, 2, and 3, respectively. Despite different cell ages, positive chronotropic effect of isoprenaline was observed from all conditions. In addition, the motion vector displacement analysis revealed the irregular beating patterns as the drug concentration increased for the cells grown on the wrinkles (Fig. 3A) . Corroborating with the displacement data, the pOFC analysis additionally revealed a positive inotropic effect. An increasing in contractile frequency (162, 144, and 144% for flat, lines, and wrinkles, respectively) and acceleration (173, 139, 209% for flat, lines, and wrinkles, respectively) was observed for cells grown on all three surfaces when compared between 0 and 100 nM conditions (Fig. 4, table) . The contractile synchronicity (100, 108, and 74% for flat, lines, and wrinkles, respectively) and orientation (98, 94, and 78% for flat, lines, and wrinkles, respectively) decreased for cells grown on the wrinkles, and remained relatively unchanged for cells grown on the flat and line surfaces. The contractile duration decreased for cells grown on the flat (76%) and wrinkled (63%) surfaces, but, was relatively unchanged (104%) for those grown on the lined surface.
Discussion
As described in the previous sections, three different culture substrates were evaluated: flat, lines, and wrinkled surfaces. The substrates were all made from the same cell culture compatible PS, and the surfaces were oxidized by UVO treatment prior to ECM coating. However, the substrate material is not limited to PS. The wrinkled pattern can be hot embossed into almost any type of plastics as well as transferred onto PDMS; this makes it a versatile platform which can be integrated into other technologies such as the muscular thin film (MTF) for measurement of contractile force [15] . The line substrates have a repetitive pattern of 8 mm width and 2 mm depths. The width of the line was chosen to be in the same range of those which induced strong alignment and elongation of neonatal rat CMs [18] . The initial mold of the line substrate was fabricated using traditional photolithographic methods; thus, the line substrates functioned as an additional control to compare the cellular behaviors to those grown on the wrinkles. As previously described, the biomimetic wrinkled substrates have wrinkle patterns that are self-similar and multiscale with wavelengths ranging from 50 nm to 3 mm [19] . The differences of cellular responses between nano-and microcues have been discussed elsewhere [14] . Previously, we have demonstrated that the shape of action potential propagation of hESC-CMs grown on the wrinkles was anisotropic with an aspect ratio of 2.0 (longitudinal/transverse directions) similar to those in native ventricles [30, 31] , and the occurrence of both spontaneous and inducible arrhythmias was reduced by 65% [20] . In this study, cardiac cells grown on the wrinkles demonstrated the best alignment in both f-actin and aactinin when compared to those grown on the flat and lines (Fig. 1B) . The contractile orientation of cardiac cells without the addition of drugs further corroborated the alignment efficiency of the wrinkled substrate. In every trial, the cells grown on the flat did not exhibit any preferred contractile orientation between x and y directions; whereas, the cells grown on the lines and wrinkles had preferred orientation parallel to the direction of the patterns. Furthermore, the orientation values of those from the wrinkles were significantly higher than those from the lines (Fig. 4,  Supplementary Figs. 7 and 8) . These results indicate that optical microscopy combined with pOFC can measure cellular alignment of contracting CMs in lieu of endpoint assay stains. In addition, the results may further suggest that the wrinkle substrate may serve as a better biomimetic surface than the line substrate in terms of cell alignment and contractile orientation.
A critical component of the drug screening platform is its detection mechanism. With the combination of Classic þ Null-Full algorithm and pOFC, it was important to demonstrate the accuracy and capability of both the OF and pOFC algorithms. The OF algorithm was specifically evaluated under several scenarios (Supplementary Information). The first scenario addressed the accuracy of the algorithm by incorporating computer generated images with ideal condition of well pre-defined deformations and movements. A few of the test images were deformed by applying a pinch or stretch filter, and the resulting motion vectors accurately depicted each of the deformations (Supplementary Fig. 4A ). The test images were then moved in predetermined directions and distances within two types of backgrounds: a high contrast and a similar background. The directions of all movements were accurately detected by the corresponding motion vectors (Supplementary Fig. 4B ). In terms of magnitude, the measured displacements of the square image were nearly identical to that of the predetermined value. However, the measured displacements for the circle images were approximately 50% of the predetermined distance. This reduction in magnitude was the result of the calculations accounting for the stationary part of the background. However, a more comparable evaluation would be to look at the ratio of the average displacements between the two sets of the circle images. The value was around 3.20 and that is comparable to the true value of 3.25.
The goal of the second scenario was to measure and compare the noise levels and movements between bright field and fluorescent bead images under the experimental conditions ( Supplementary Fig. 5 ). Unlike computer generated images, slight fluctuations in the light source or vibrations in the setup could change the intensity and introduce noise to the captured images. For the line and wrinkle substrates, they had minimal noise; whereas, the high noise of the flat substrate could be attributed to the lack of features on the surface that can act as reference points. As a result, an aperture problem may have occurred. Even with the slightly higher noise level, the resulting motion vectors and contractile properties of hESC-CMs on flat substrates of bright field images were comparable to those of fluorescent bead images. To address the difference in noise levels, the accuracy of all contractile properties reported in the manuscript were reported as ratios between motion vectors instead of as absolute values. Therefore, unlike traction force microscopy in which the accuracy of the displacements of beads are crucial, these results further validate the feasibility of analyzing contracting cardiac cells with relatively low resolution bright field microscopy.
After evaluating each component of the system independently (biomimetic wrinkles, OF, and pOFC codes), all the components were integrated to create a platform for monitoring functional cardiac properties. To demonstrate the efficacy of this platform for cardiotoxicity screening, the effects of E-4031 and isoprenaline on cardiac cells were investigated. Both drugs were chosen due to their well-established and recorded physiological and electrophysical effects on the native heart. At the same time, the two drug components differ in their mechanism of cardiotoxicity. The goals of these experiments were to not only capture cardiotoxicity but also discern the various types of cardiotoxic mechanisms within the platform. It is known that E-4031 inhibits the rapid component (I Kr ) of the delayed rectifier potassium currents, and can subsequently induce long QT Syndrome and prolonged action potential duration [32] . Cardiac cells from all surfaces exhibited increased contractile duration when treated with 10 nM E-4031; however, only those grown on the wrinkles responded to 3 nM of E-4031 as indicated by reduction in the contractile orientation. The concentrations of 3 and 10 nM of E-4031 are comparable to the published IC 50 in hERG channel assay (7 nM) [33, 34] . It is important to note that the drug specifically affected only the relaxation peak. The broadened relaxation peak and the overall increased contractile duration can be interpreted as a result of a delay in repolarization. In addition, the delay in repolarization prolongs the refractory period which mitigates the reentry of arrhythmia. As a result, the contractile synchronicity for all conditions was not affected by the drug. All the findings suggest that the drug screening platform can not only detect potential cardiotoxicity but also help elucidate the mechanism in which the cardiotoxicity occurs.
Isoprenaline is a known chronotropic, dromotropic, and inotropic agent to cardiac cells. This drug was originally developed for treating asthma; however, arrhythmia is a known serious adverse effect [35] . After administration of the drug compound, all cells exhibited increase in contractile frequency and acceleration on all surfaces regardless of cell ages (Fig. 4, table) . The drug also affected the contractile duration (all three trials), synchronicity (all three trials), and orientation (trial 2 and 3 only) of cells grown on the wrinkles; these differences were not evident in the flat and line substrates. While hESC-CMs demonstrated immature properties, providing these cells with topographical cues that are similar to those in the native heart might force the cells to behave as a more mature tissue. Therefore, a more evident contractile response to the drug treatment for those grown on the wrinkles can be quantified compared to the other two surfaces.
The topographical effects on CMs could also be inferred from these sets of experiments. While most of the contractile parameters were similar between cells grown on the flat and wrinkles at differentiation day 40 and 60 ( Supplementary Figs. 7 and 8) , at differentiation day 20, the cells grown on the wrinkles were more responsive to the drug than those grown on both flat and line surfaces (Fig. 4, bar graphs) . Since isoprenaline is known for affecting calcium ion channels, these results could imply that the expression and development of ion channels of cells grown on the wrinkles might be more effective than those grown on the other surfaces at early differentiation day. Although assays such as RT-PCR need to be performed in order to conclude such a claim, this platform has nevertheless demonstrated its usefulness not only in drug screening, but also offers interesting phenomenon potentially important in basic cardiac research.
Conclusions
Drug-induced cytotoxicity is a main reason for drug attrition. To increase the efficiency of drug development, and potentially minimize animal testing, we have introduced an integrated biomimetic functional cardiac monitoring platform. This platform combines a biomimetic cardiac culture wrinkled substrate as well as software to noninvasively detect contractile properties under bright field. The wrinkles are fast, easy, and inexpensive to fabricate when compared to the more traditional photolithography methods. The software is able to detect and extract cardiac contractile properties under bright field microscopy. In this manuscript, this platform was used to study the effects of E-4031 and isoprenaline on hESC-CMs, and was able to detect bradycardia and tachycardia, respectively. Furthermore, the results from the drug screen experiment also suggested there might be a cell age dependent drug behavioral difference of hESC-CMs. Overall, this platform is able to recapitulate cardiotoxicity results of E-4031 and isoprenaline, and can be easily implemented as a versatile tool in basic cardiac research and predictive toxicology.
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